Varicella-zoster virus (VZV) and herpes simplex virus (HSV) are prevalent neurotropic herpesviruses that cause various nervous system diseases. Similar to other enveloped viruses, membrane fusion is an essential process for viral entry. Therefore, identification of host molecules that mediate membrane fusion is important to understand the mechanism of viral infection. Here, we demonstrate that myelin-associated glycoprotein (MAG), mainly distributed in neural tissues, associates with VZV glycoprotein B (gB) and promotes cell-cell fusion when coexpressed with VZV gB and gH/gL. VZV preferentially infected MAG-transfected oligodendroglial cells. MAG also associated with HSV-1 gB and enhanced HSV-1 infection of promyelocytes. These findings suggested that MAG is involved in VZV and HSV infection of neural tissues.
herpes simplex virus | neurotropism | membrane fusion | Varicella-zoster virus | virus entry V aricella-zoster virus (VZV) mainly causes two human diseases, varicella (chickenpox) in children and zoster (shingles) in immune-compromised or elderly individuals (1); VZV also causes diseases of the nervous system, such as meningitis and encephalitis (2) . Herpes simplex virus (HSV) also causes neurological disease. A unique characteristic of these viruses is establishment of latency in sensory ganglia (1, 3) . Both VZV and HSV are enveloped viruses of the alphaherpesvirus family, whose interactions between its envelope proteins and cell-surface molecules are crucial events for the entry of enveloped viruses into cells (4) .
Glycoproteins gB, gD, gH, and gL are essential envelope protein for membrane fusion during HSV infection. gD associates with several cell-surface proteins, such as herpesvirus entry mediator (HVEM) and nectin, and gB associates with paired Iglike type-2 receptor α (PILRα) (5) . These interactions can play important roles in HSV-1 infection, depending upon cell types (5) . On the other hand, glycoproteins gB, gE, gH, and gL have been suggested to participate in membrane fusion during VZV infection (6) . Because mannose 6-phosphate (M6P) inhibits cell-free VZV infection, a M6P receptor has been suggested to be involved in cell-free VZV infection by the interaction with VZV glycoproteins that contain M6P (7, 8) . Indeed, Chen et al. showed that cation-independent M6P receptor (MPR ci ) is involved in cell-free VZV infection (9) . MPR ci is ubiquitously expressed on various tissues and mainly functions as a molecular chaperone that transports proteins modified with N-linked oligosaccharides from the trans-Golgi network to early endosomes (10, 11) .
VZV-gE is an essential glycoprotein for VZV infection and has been suggested to be required, in concert with its heterodimer partner, gI, for viral replication and for virion assembly in the transGolgi network (12) (13) (14) (15) . In addition, gE also seems to be involved in membrane fusion between the viral envelope and cellular membrane, although gE alone does not induce membrane fusion (6, 16) . Recently, insulin-degrading enzyme (IDE), ubiquitously expressed on various cell populations, has been shown to associate with gE and is involved in both cell-free and cell-associated VZV infection (17) .
However, VZV-expressing mutant gE that does not associate with IDE is still infectious (13, 18) ; therefore, the exact function of IDE in VZV infection has remained unclear.
gB, an envelope protein conserved among all herpesviruses, has been suggested to play an important role in membrane fusion by most herpesviruses (19) . We have recently found that HSV-gB associates with PILRα and is involved in HSV-1 infection (20) . gB is also essential for VZV infection (21) , although cellular receptors for VZV-gB have not been identified. Here, we analyzed the molecules that associate with VZV-gB and found that VZV-gB associated with myelin-associated glycoprotein (MAG). Interestingly, cell-cell fusion was observed when cells expressing MAG, but not IDE or MPR ci , were cocultured with cells expressing VZV glycoproteins. Furthermore, MAG-expressing cells were susceptible to VZV infection. MAG is a cell-surface molecule that is preferentially expressed in neural tissues, especially on myelin sheath, and plays an important role in the regulation of axonal growth (22) (23) (24) (25) . These results suggested that MAG might be involved in the membrane fusion step of VZV entry. Furthermore, MAG also associated with HSV-gB and enhanced HSV-1 infection. These data suggested that MAG can promote infection of neurotropic herpesviruses.
Results
Association of MAG with VZV and HSV gB. Because there is 48% homology between VZV-gB and HSV-gB, we first addressed whether VZV-gB also associated with PILRα using PILRα-Ig fusion protein (PILRα-Ig) (20) . HSV-gB-transfectants were clearly stained with PILRα-Ig, whereas VZV-gB-transfectants were not stained with PILRα-Ig (Fig. 1A) . We have previously proposed a hypothesis that paired inhibitory and activating receptors, like PILR, might be involved in host-pathogen interaction (26) . We then focused on various paired receptors, and noticed that Sialic-acid-binding Ig-like lectin (Siglec) family molecules, which include paired receptors, have a 5 to 12% homology with PILRα (27) . In particular, Siglec-1, -4, and -5 showed relatively high homology with human PILRα. We analyzed various Siglec molecules and found that Siglec-4 (also called MAG)-transfectants were stained with VZV-gB-Ig (Fig. 1B and Fig. S1 ). Unexpectedly, MAG also associated with VZV-gE as well as VZV-gB but not with other envelope proteins ( Fig. 1C and Fig.  S2 ). Although it has been reported that VZV-gE is involved in VZV infection by associating with IDE (17), the VZV-gE did not To whom correspondence should be addressed. E-mail: arase@biken.osaka-u.ac.jp.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0913351107/DCSupplemental. bind to IDE-transfectants, whereas VZV-gE, as well as VZV-gB, clearly bound to the cell surfaces of MAG-transfectants (Fig. S3) . Interestingly, when we analyzed association of MAG with HSV-1 envelope proteins, MAG also associated with HSV-gB, which is essential for membrane fusion during HSV-1 infection (Fig. S4A) . Next, We confirmed association of MAG-Ig with VZV- (Fig. 2A) or HSV-infected cells (Fig. S4B) . When the lysate of VZV-infected or mock-infected cells was immuoprecipitated with MAG-Ig, association of gB and gE with MAG was detected using the lysate of VZV-infected cells (Fig. 2B ).
Cell-Cell Fusion Mediated by MAG and VZV or HSV Glycoproteins.
MAG is a cell-surface molecule that is preferentially expressed in neural tissues, and plays an important role in the regulation of axonal growth by associating with host ligands, such as Nogo-66 receptor and paired Ig-like receptor B (22) (23) (24) (25) . Because enveloped viruses including VZV and HSV require membrane fusion between their envelope and host cell membrane, we examined the role of MAG in membrane fusion by VZV and HSV envelope proteins using cell-cell fusion assay, which defines a minimal set of viral fusion proteins. When MAG and DsRed cotransfected 293T cells and VZV-gB, gE, gH, gL, and GFP-cotransfected 293T cells were cocultured, many fused polykaryons were observed. Fused polykaryons were not observed when transfectants of VZV envelope proteins were cocultured with mock-or IDE-alone transfectants (Fig. 3A) . We then quantitatively evaluated the fusion efficiency using a luciferase reporter system (28) . Similar to microscopic analyses, MAG-transfectants but not IDE-transfectants showed cell fusion with transfectants of viral envelope proteins (Fig. 3B) . The efficiency of MAG-mediated cell-cell fusion was slightly increased in the presence of IDE, although there was no statistical difference. On the other hand, MPR ci has been suggested to be involved in VZV infection (9) . However, the expression of MPR ci did not induce cell-cell fusion and also did not augment cell-cell fusion induced by MAG (Fig. 3C and Fig. S5 ). These results suggest that VZV-envelope glycoproteins mediate cell-cell fusion by associating with MAG. Furthermore, MAG-mediated cell-cell fusion was also observed using CHO cells transfected with HSV-1 envelope proteins (Fig. 3D ).
Because MAG associates with both VZV-gB and VZV-gE (Figs. 1C and 2B), the roles of VZV-gB and VZV-gE in MAGmediated cell-cell fusion were further addressed. Although 293T cells cotransfected with VZV-gB, gE, gH, and gL showed cellcell fusion with MAG-transfected 293T cells (Fig. 3E ), cell-cell fusion was not observed in the absence of VZV-gB or VZV-gH. The efficiency of cell-cell fusion was augmented in the absence of VZV-gE. There was no significant difference in the efficiency of cell-cell fusion in the presence of gI that associates with gE ( Fig.  S6 ) (14) . VZV-gE did not affect the cell-surface expression of VZV-gB and VZV-gH (Fig. S7 ). These results suggest that the association of MAG with VZV-gB is involved in membrane fusion in collaboration with VZV-gH and VZV-gL. Furthermore, VZV-gE seemed not to be directly involved in membrane fusion.
VZV Infection of MAG-Expressing Cells. We then examined whether expression of MAG affects VZV and HSV-1 infection using recombinant viruses that possess a GFP reporter gene (VZV-GFP and HSV-GFP) (20, 29) . Although MAG is specifically expressed on glial cells, such as oligodendroglial cells and Schwann cells in vivo (30), we could not find any human cell lines expressing endogenous MAG. Schwann cells obtained from primary culture also did not express MAG (Fig. S8A ). Therefore, a MAG-negative human oligodendroglial cell line, OL, was stably transfected with MAG or mock, and these transfectants were used for VZV infection. The proportions of cells expressing GFP were increased in a dose-dependent manner when MAG-transfected OL cells but not mock-transfected OL cells were infected with VZV-GFP (Fig. 4 A and B). Similar results were obtained using nonrecombinant VZV (Fig. S9A) . The MRC-5 cell line is a fibroblast-like cell line that is commonly used to amplify attenuated VZV vaccine. Interestingly, MAG-transfected MRC-5 cells were infected with VZV even at a dose at which mock-transfected MRC-5 cells or parental MRC-5 cells were hardly infected (Fig. 4C and Fig. S9B ). This indicated that MRC-5 cells are not fully susceptible to VZV infection and MAG dramatically enhances susceptibility of MRC-5 cells to VZV infection. Reduced quantities of VZV gB receptors might restrict entry of cell-free VZV into cultured cells (31) . Furthermore, VZV infection of MAG-expressing cells was completely blocked by anti-MAG mAb (Fig. 4D) . On the other hand, VZV did not infect IDE-alone-transfected cells although expression of IDE was significantly augmented by transfection (Fig. S9 C and D) . These results demonstrate that MAG enhances VZV infection.
HSV-1 Infection of MAG-Expressing Cells. HSV-1 gB also associates with MAG and can promote cell-cell fusion. We then addressed the role of MAG in HSV-1 infection. HL-60 is a promyelocytic cell line that expresses HVEM and nectin-1 (Fig. S8B) . We stably transfected MAG into HL-60 and analyzed HSV-1 infection. Interestingly, the MAG-transfected HL-60 was efficiently infected with HSV ( Fig. 5 A and B) . The efficiency of infection was reduced in the presence of anti-MAG mAb (Fig. 5C ). This finding suggests that MAG can promote HSV-1 entry into promyelocytes.
Discussion
In the present study, we showed that VZV and HSV-1 gB associate with MAG, and both VZV and HSV-1 efficiently infect MAG-expressing cells. Furthermore, cell-cell fusion was observed when MAG-expressing cells were cocultured with cells expressing VZV or HSV-1 envelope glycoproteins. Although association of MAG with VZV-gE was also observed, cell-cell fusion was not induced in the presence of gE, gH, and gL or gE and gB. On the other hand, gB appeared to mediate cell-cell fusion by associating with MAG in the presence of gH and gL. Furthermore, MAGmediated cell-cell fusion was decreased in the presence of VZVgE. These results suggested that VZV-gB, gH, and gL were the minimal requirement for cell-cell fusion by VZV glycoproteins and that VZV-gE was not necessary for cell-cell fusion.
Previously, Maresova et al., using a cell fusion assay, have reported that VZV-gH alone or gE plus gB mediates cell-cell fusion (16) . However, they used recombinant vaccinia virus to express envelope glycoproteins. Therefore, there is a possibility that certain cell-surface molecules derived from vaccinia virus affected the results of their cell fusion assay because many viral proteins derived from vaccinia virus, including envelope proteins of vaccinia virus, are also expressed on the cell surface of vaccinia virus-infected cells. In the present study, a virus-free transfection system was employed to express VZV glycoproteins on the cell surface and, therefore, it is unlikely that other molecules have affected the required composition of glycoproteins for cell-cell fusion. MPR ci has been suggested to play an important role in cellfree VZV infection (9); however, when the role of MPR ci was analyzed using a cell-cell fusion assay, MPR ci did not induce cellcell fusion, although MPR ci was highly expressed on the cell surface of MPR ci -transfected cells. Therefore, MPR ci seems not to be directly involved in membrane fusion. On the other hand, several molecules are known to associate with MPR ci expressed on the cell surface (10). Therefore, it is possible that certain VZV glycoproteins associate with MPR ci and this association is involved in VZV infection by enhancing the binding of virions to the cell surface.
In the case of HSV infection, gB, gD, gH, and gL are essential for membrane fusion and viral infection (19) . Cellular receptors for HSV-gB can play an important role in HSV-1 infection. Indeed, MAG and PILRα enhanced HSV-1 entry into promyelocytes and monocytes, respectively. However, interaction between HSV-gB and PILRα alone does not mediate membrane fusion in the absence of gD (20) . gD has been suggested to induce conformational changes in HSV-gB and gH by associating with gD receptors, such as nectin and HVEM, and the conformational changes of gB and gH appear to be essential for membrane fusion by HSV-1-envelope proteins (32) . Because HL-60 cells express HVEM and nectin-1, MAG expressed on HL-60 promyelocytes might enhance HSV infection in collaboration with interaction between gD and its receptors. On the other hand, because VZV does not possess gD, VZV-gE has been considered to be a substitute for HSV-gD and, indeed, several studies have shown that VZV-gE is indispensable for VZV replication using gE mutant viruses (3) . Recently, it has been reported that IDE associates with VZV-gE, and IDE-transfected cells are susceptible for VZV infection (17) . However, gE did not associate with IDE on cell surfaces when the association was analyzed by flow cytometry using a gE-Ig fusion protein. In contrast, significant association of VZV-gE with MAG was detected on the cell surface by flow cytometry. Because interaction between gE and MAG did not mediate membrane fusion, gE was not necessary for cell-cell fusion involving MAG-expressing cells. There was also evidence that gE/gI was not required for fusion of these cells, and IDE was not required. Therefore, in these assays of cell-cell fusion, gB and gH/gL and MAG were sufficient, whereas IDE and gE were not important. Interaction between IDE and gE seems to play important, but undefined, roles in VZV infection. Because cell-cell fusion was observed in the presence of VZV-gB, gH and gL, mechanism of membrane fusion by VZV-glycoproteins seems to be different from that by HSV-glycoproteins.
MAG is predominantly expressed on the cell surface of glial cells, and the association of MAG with Nogo-66 receptor or paired Ig-like receptor B regulates axonal growth of neurons (22) (23) (24) (25) . Because both VZV and HSV-1 infect neurons and epithelial cells that do not express MAG, there might exist certain molecules other than MAG that associate with gB on these cells. However, VZV and HSV-1 also infect glial cells in the acute phase of infection (33, 34) . Therefore, MAG might be involved in certain aspects of neural disorders induced by VZV and HSV-1 infection. Because cells expressing intrinsic MAG were not available, we could not further analyze the role of intrinsic MAG in VZV and HSV-1 infection. In addition, because there are cell lines that do not express MAG and PILRα but are still susceptible to HSV or VZV infection, there might be other cell-surface molecules that associate with HSV-gB and VZV-gB and mediate infection. Further structural and functional analyses of the interactions between gB and MAG may provide important insights into the mechanism of VZV and HSV-1 infection.
Materials and Methods
Antibodies. Anti-VZV-gE (SG1-1), -gB (SG2), -gH (SG3), -gI (SG4), -human IDE (9B12.225), and -human Sialoadhesin (Siglec-1) (HSn 7D2) mouse monoclonal antibodies (mAbs) were purchased from Genetex. Anti-MAG (513) and antiimmediate early gene 62 (IE62) (MAB8616) mouse mAb were purchased from Chemicon. Anti-HSV-gB (H1817), -gD (DL6), and -gH (53-S) mouse mAb were purchased from EastCoast Bio, Santa Cruz, and ATCC, respectively. Anti-FLAG (M2), and anti-human Siglec-5 (194128) mAbs were purchased from Sigma-Aldrich and R&D Systems, respectively. Rabbit anti-VZV gM Ab and anti-human PILRα mAb have been described previously (20, 35) . Anti-MPR ci (MEM-238), anti-α-tubulin (TU-01), anti-human Siglec-2 (CD22) (HIB22), and Siglec-3 (CD33) mAb (HIM3-4) were purchased from Biolegend, EXBIO, BD Bioscience, and eBioscience, respectively. Anti-HVEM (122) and anti-Nectin-1 (CK8) were purchased from MBL and Zymed, respectively. were purchased from ScienCell Research Laboratory and were cultured with manufacture's SCM medium. All cells were cultured at 37°C in 5% CO 2 in medium supplemented with 10% FCS (Sigma-Aldrich), 100 U/mL penicillin, 100 μg/mL streptomycin, and 50 μM 2-mercaptoethanol.
VZV Oka strain and recombinant Oka strain carrying GFP reporter gene (VZV-GFP, kindly provided by A. M. Arvin, Stanford University) were used for analyzes of VZV infection (29) . Because GFP is expressed by CMV promoter in the recombinant VZV, the virus particle itself does not contain GFP. Cell-free virus was prepared from VZV-infected MeWo cells by harvesting cells with 0.25% EDTA (2.5 mL per 100-mm dish of infected cells) and resuspending harvested cells in 0.4 mL of SPGA buffer (pH 8.0, 218 mM sucrose, 3.8 mM KH 2 PO 4 , 4.9 mM sodium glutamate, and 1% BSA) (36) . Suspended cells were sonicated twice on ice for 15 s with a 1 min intervening interval, followed by centrifuge at 12,000 × g at 4°C for 5 min. The resulting supernatant was passed through a 0.45 μm filter and stored at −80°C. Frozen supernatant was thawed immediately before use as cell-free virus. Viral titers were determined by using MAG-transfected OL cells.
Recombinant HSV-1 (strain F) carrying GFP (YK333) (37) were used in this study. Because GFP is expressed by Egr-1 promoter in the recombinant HSV-1, the virus particle itself does not contain GFP. Virus titers were determined by using Vero cells as previously described (37) .
Plasmids. cDNA fragments of human MAG and IDE were amplified from human brain cDNA (Takara Bio), cDNA of HepG2 cells, and cDNA of Plat-E cells, respectively, and were subcloned into pME18S, pMXs-puro, and pMXs-IRES-TurboRFP expression vectors. Human MPR ci were amplified from cDNA of Plat-E cells. The human PILRα-expressing vector has been previously described (20) . cDNAs for VZV glycoproteins, gB, gE, gC, gH, gL, and gI were amplified from genomic DNA of VZV-infected MeWo cells and subcloned into pcDNA3.1 vector (Invitrogen) or pME18S expression vector. gH lacking the C-terminus tail (amino acid residues 834-841) was generated by QuikChange Site-Directed Mutagenesis Kit (Stratagene). cDNA fragments of human Siglec-2 and Siglec-5 were amplified from cDNA of human peripheral blood mononuclear cells and HL-60 cells, respectively. IMAGE human cDNA clone for human Siglec-3 that was subcloned into a pCMV-SPORT6 vector was purchased from Open Biosystems. A cDNA clone for human Siglec-1 was kindly provided by T. Angata (National Institute of Advanced Industrial Science and Technology, Japan) and subcloned into a pCIneo expression vector (Promega). HSV-1-gB, -gD. -gH and -gL expression vectors were kindly provided by P. G. Spear (Northwestern University). PCR primers and expression vectors used in this study are listed in Table S1 .
Transfection. COS-7 cells or 293T cells were transfected with 293 Fectin (Invitrogen). Stable transfectants expressing human MAG or human IDE were generated by a retroviral transfection system using a pMxs-puro or pMxs-IRES-TurboRFP retroviral vector, as previously described (38, 39) .
Ig-Fusion Protein. Plasmids for Ig fusion proteins were constructed as described above. COS-7 cells were transfected transiently with expression vectors for Ig fusion proteins and the culture supernatants collected; purified human CD85J-Ig fusion protein was used as a control (40) . Ig fusion proteins were purified on protein A-conjugated Sepharose. VZV gE-IgG Fc fusion protein (kindly provided by J. I. Cohen, National Institutes of Health) has been described previously (17) .
Immunoprecipitation and Immunoblotting. Cells were disrupted in lysis buffer (20 mM Tris, 150 mM NaCl, and pH 7.5) containing 1% Brij 98 (Sigma) and lysates immunoprecipitated with human MAG-Ig or control-Ig. The immunoprecipitates were eluted by boiling in SDS/PAGE sample buffer and separated on 5 to 20% polyacrylamide gels. Proteins were transferred onto PVDF membranes (Millipore) and blotted with anti-gB (SG2), anti-gE (SG1-1), or anti-gH (SG3) mAbs.
Flow Cytometry. Cells were incubated with Ig fusion proteins or primary mAbs, followed by PE-or APC-conjugated anti-human IgG or anti-mouse IgG Ab (Jackson Immunoresearch). Expression of viral glycoproteins, Siglecs, and MPR ci were analyzed using mAbs as described above. For intracellular staining, cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and permeabilized with permeabilization buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris-Cl, and pH 7.5) containing 0.02% NaN 3 and 0.5% Triton X-100 for 10 min on ice. Permeabilized cells were stained with anti-IE62 mAb and analyzed by using a FACSCalibur (BD Bioscience).
Viral Infection. Cell-free VZV or HSV infection was analyzed by mixing 2 × 10 4 or 5 × 10 4 of cells with various amounts of cell-free VZV or HSV in advanced RPMI-1640 (Invitrogen) containing 1% FCS in 96-well tissue culture plates, respectively. Plates were centrifuged at 1,220 × g at 32°C for 2 h, followed by 24 h culture.
Cell-Fusion Assay. MAG, IDE, MPR ci , and DsRed were cotransfected into 293T cells and the resulting transfectants used as target cells. The set of VZV-gB, -gE, -gH, -gL, and GFP or the set of HSV-gB, -gD, gH, gL and GFP was also cotransfected into 293T cells or PILR-negative CHO cells, respectively, and these transfectants were used as effector cells. The total amount of DNA for transfcetion into 2 × 10 5 cells was 0.8 μg. Glycoprotein VZV-gH that lacked the Cterminus tail was used for fusion assays, as described above, because cell surface expression of mutant gH was higher than that of full-length gH (41) . Eighteen to 24 h after transfection with VZV glycoproteins, or 6 h after transfection with HSV glycoproteins, 5 × 10 4 each of the target and effector cells were cocultured in 96-well plates for 18 h, the cells analyzed by fluorescence microscopy (Carl Zeiss), photographs taken with a D3 digital camera (Nikon), and the images then processed using Canvas software (ACD Systems). To quantify fusion efficiency, a plasmid encoding T7 RNA polymerase (pCAGT7) was cotransfected into target cells instead of a GFP-expressing plasmid, and a plasmid carrying the firefly luciferase gene under control of the T7 promoter (pT7EMCLuc) was cotransfected into effector cells instead of a DsRed-expressing plasmid (28) . As an internal control, the Renilla luciferase gene driven by the SV40 promoter (pRL-SV40, Promega) was cotransfected into target or effector cells. The effector and target cells were harvested cocultured as described above. Then, firefly and Renilla luciferase activities were independently quantified by using the Dual-Luciferase Reporter Assay System (Promega). The relative firefly luciferase activity was calculated as follows: [(the firefly luciferase activity / Renilla luciferase activity) × 100] / maximum (the firefly luciferase activity / Renilla luciferase activity). The statistical difference was determined by Student's t-test. Each P-value is shown in figures. Difference with P < 0.05 was considered significant.
